Abstract
hydrogeological conditions can be used to develop more refined regional-scale EF 5r estimates required 10 for compiling accurate national greenhouse gas inventories. Focusing on three UK river catchments 11 with contrasting bedrock and superficial geologies, N 2 O and nitrate (NO demonstrates EF 5r can be differentiated by hydrogeological conditions and thus provide a valuable 21
Introduction

24
Nitrous oxide (N 2 O) is a powerful greenhouse gas with a global warming potential 265 times greater 25 than carbon dioxide (CO 2 ) over a 100-year timescale.
1 At a current atmospheric concentration of 329 26 ppb, 2 N 2 O is the third most important well-mixed greenhouse gas behind CO 2 and methane (CH 4 ), 27 accounting for 6% of total anthropogenic radiative forcing (0.17 W m -2 of denitrification under low oxygen conditions through the bacterial reduction of NO 3 -to nitrogen gas 36 (N 2 ).
7-9 Furthermore, in oxygen-deficient environments, NH 4 + can be oxidized to nitrite (NO 2 -) and 37 then reduced to nitric oxide (NO), N 2 O and N 2 via nitrifier denitrification. 10 
38
Current estimates of the total global flux of N 2 O into the atmosphere as a result of nitrogen (N) 39 cycling are ~18.8 Tg N a -1 , of which ~10.5 Tg N a -1 (55%) originate in natural sources. 11 The 40 remaining 45% of emissions are derived from anthropogenic sources (~8.3 Tg N a -1 ) as a result of 41 perturbations to the N cycle.
11 Agriculture represents the largest anthropogenic source (5. 3 -8.0 Tg N 42 a -1 ) and can be divided into direct emissions from soils (1.8 -2.1 Tg N a -1 ), animal production (2.1 -43 2.3 Tg N a -1 ) and indirect emissions (1. 3 -2.6 Tg N a -1 ). [11] [12] [13] [14] Whilst direct soil emissions have been 44 extensively studied, 6, [15] [16] [17] [18] [19] [20] indirect emissions arising from atmospheric deposition (~0. 3 -0.4 Tg N a -45 1 ), human sewage (~0.2 -0.3 Tg N a -1 ) and N leaching and runoff (~0.6 -1.9 Tg N a -1 ) are less well 46 constrained and remain a major source of uncertainty in the global N 2 O budget. [21] [22] [23] [24] [25] [26] [27] [28] [29] 
47
The Intergovernmental Panel on Climate Change (IPCC) uses emission factors to estimate indirect 48 N 2 O emissions from waterbodies arising from N leaching and runoff (EF 5 ). 13, 30 These are based either 49 on the fraction (Frac LEACH ) of the original total fertilizer N input into the system that is lost to 50 waterbodies as a result of leaching and runoff from agricultural soils (eq. 1), or simply the ratio of 51 dissolved N 2 O to dissolved inorganic nitrogen (DIN) within the waterbody (eq. 2): 52 
55
The IPCC divides EF 5 into three components based on the site of N 2 O production in either 56 groundwater (EF 5g ), rivers (EF 5r ) or estuaries (EF 5e ). Since 2006, each component has been assigned a 57 default value of 0.0025 (i.e. 2.5 g of N 2 O-N emitted per kg of N in leachate/runoff), thus giving a 58 combined EF 5 of 0.0075. 30 However, these default 'Tier 1' emission factors are poorly constrained 59 due to a paucity of studies, highly uncertain water-air gaseous exchange relationships, and large 60 variability in environmental conditions. 29 Thus, EF 5 has a wide range of uncertainty (0.0005 -0.025) 61 and has been broadly criticized for either over 14, 31, 32 (Table S2) . 160 
Fluxes and Emission Factors 161
Temporal variability 243
Seasonally, riverine N 2 O and NO 3 -concentrations were lowest during spring (MAM) and summer 244 (JJA), respectively, regardless of hydrogeological conditions (Table 2) Figure S6 will inherently exhibit greater temporal variability. 266
Controls on N 2 O dynamics 267
It is clear from these data that N 2 O concentrations, fluxes and emission factors vary between regions 268 of contrasting hydrogeological conditions and it is important to understand why this differentiation 269 occurs in order to confidently upscale EF 5r estimates nationally based on this characteristic. We 270 hypothesize that in all three catchments, fertilizer inputs are hydrolyzed to NH 4 + and readily nitrified 271
to Denitrification may also be inhibited in the unconfined sites by a relatively low availability of labile 316 carbon, with a mean DOC:NO 3 -ratio <1 at unconfined Chalk sites and >1 at confined sites. 317
Across all hydrogeological types in the Wensum catchment, N 2 O concentrations and saturation levels 318 were only weakly correlated with pH (R 2 = <0.08) and water temperature (R 2 = < 0.07), indicating 319 these variables were not directly acting as abiotic controls on N 2 O production ( Figure S9 ). Stronger 320 negative correlations were, however, established between EF 5r and total N (R 2 = 0.35-0.59) providing 321 evidence of decreasing (de)nitrification efficiency with increasing N inputs due to progressive 322 biological saturation.
31 Low NH 4 + concentrations at unconfined Chalk sites indicate nitrification is 323 acting as a sink for NH 4 + ( Figure S9 ). 324
Implications and recommendations 325
The evidence presented here clearly demonstrates that N 2 O emission factors vary significantly 326 between regions of contrasting hydrogeological type. Given the inherent regional nature of 327 hydrogeological variability as determined by the distribution of bedrock and superficial geologies, this 328 robust association with EF 5r values indicates that hydrogeological conditions could be used as a 329 defining environmental characteristic for upscaling N 2 O emission estimates. Undoubtedly there is a 330 need to further explore whether this association is maintained across a wider range of hydrogeological 331 settings than those investigated here. Nevertheless, regional variability in hydrogeological conditions 332 could be used to generate improved regional-scale EF 5r estimates that are essential for developing 333 more accurate national greenhouse gas inventories. Such an approach would address the pressing need 334 
Supporting Information
344
The Supporting Information contains hydrological summaries for the study locations ( Figure S1 ; 345 Table S1 ); description of the laboratory procedures; water quality time-series for the River Wensum 346 ( Figures S2-S7) ; extended discussion of the stable isotope data ( Figure S8 ; Table S2 ); and regression 347 plots for nitrogen species ( Figure S9 ). The project data are provided in Excel spreadsheet format. 348 
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